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brain scans were acquired and processed in a voxel-based 
analysis using permutation-based statistics. A sub-sample 
of both groups (ADHD, n = 21; controls n = 23) also per-
formed a Sternberg working memory task whilst acquiring 
fMRI data. Areas of structural difference were used as a 
region of interest to evaluate the implications that struc-
tural abnormalities found in the ADHD group might have 
on working memory function. There was lower grey matter 
volume bilaterally in adolescence ADHD participants in the 
caudate (p < 0.05 FWE corrected across the whole brain) 
at age 20–24. Working memory was poorer in adolescence 
ADHD participants, with associated failure to show normal 
load-dependent caudate activation. Young adults diagnosed 
with ADHD in adolescence have structural and functional 
deficits in the caudate associated with abnormal working 
memory function. These findings are not secondary to stim-
ulant treatment, and emphasise the importance of taking a 
wider perspective on ADHD outcomes than simply whether 
or not a particular patient meets diagnostic criteria at any 
given point in time.
Keywords MRI · Memory · ADHD · Hyperkinetic · 
VBM · Neuroanatomy
Introduction
Attention deficit/hyperactivity disorder (ADHD) [1–4] 
was initially thought to abate in adolescence but increasing 
evidence indicates that ADHD frequently persists through 
to adulthood [3, 4]. Of those diagnosed during childhood, 
about 30–60 % show symptoms during adulthood [3, 5, 
6]. It is because of its associated morbidity and disability 
across the lifespan that ADHD has come to be a major clin-
ical and public health concern [7].
Abstract When adolescents with ADHD enter adult-
hood, some no longer meet disorder diagnostic criteria but 
it is unknown if biological and cognitive abnormalities per-
sist. We tested the hypothesis that people diagnosed with 
ADHD during adolescence present residual brain abnor-
malities both in brain structure and in working memory 
brain function. 83 young adults (aged 20–24 years) from 
the Northern Finland 1986 Birth Cohort were classified 
as diagnosed with ADHD in adolescence (adolescence 
ADHD, n = 49) or a control group (n = 34). Only one 
patient had received medication for ADHD. T1-weighted 
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Although the precise neural and pathophysiological 
substrates of ADHD remain unknown, there is evidence 
that indicates abnormalities in fronto-striatal and limbic 
pathways [8–16]. However, inconsistency in the existing 
research evidence, combined with the concern that most 
evidence is potentially confounded by the effects of med-
ication, means that the pathology of the disorder remains 
uncertain [8, 14, 17]. To some extent, differences in referral 
and diagnostic practices in different clinical and research 
centres also mean that study recruitment biases may also 
contribute to the heterogeneity of findings in the condition.
A variety of different outcome measures are important when 
considering the long-term prognosis of children diagnosed with 
ADHD. Relevant and important follow-up outcomes include 
whether or not individuals continue to meet diagnostic criteria 
for ADHD, the number and severity of ADHD symptoms they 
retain, the presence of comorbid psychiatric illness, social and 
occupational outcomes, and neurological and neuropsycho-
logical outcomes, including brain structure and function and 
associated cognitive performance or deficit [3, 17–20]. Adults 
with ADHD have a variety of neurocognitive deficits of which 
working memory is one of the more significant, and has been 
proposed to be a core feature of the disorder [21]. Whilst a 
number of studies have examined prognosis in terms of psy-
chiatric symptoms’ outcomes, far fewer studies have examined 
outcomes in terms of brain structure and function, in spite of 
the possibility that such measures may relate closely to social 
and occupational success [17, 22, 23].
This study aims to investigate young adult brain struc-
tural and functional (in terms of working memory) out-
comes of people diagnosed with ADHD during adoles-
cence using a general population-based methodology. The 
general population-based nature of our study helps us 
examine ADHD with less, or possibly different, selection 
biases, compared to the average study of ADHD. Clinical 
practice in Northern Finland at the time our participants 
were diagnosed with ADHD did not rely on stimulant med-
ication in the treatment; this enabled us to avoid the poten-
tially confounding effects of medication from the results, as 
only one subject was taking ADHD medication at the time 
of the scans and no other participants had been treated with 
stimulants previously. We hypothesised that there would 
be residual brain structural, brain functional and working 
memory deficits in young adults who had been diagnosed 
with ADHD in adolescence.
Methods
Participant selection process
Fifty two young adults who had been diagnosed with DSM-
IV ADHD at age 16–17 (henceforth “adolescence ADHD”) 
and 34 young adult controls without ADHD gave written 
consent and took part in the study, which was approved by 
the ethical committee of the Northern Ostrobothnia Hos-
pital District, Finland. All participants were members of 
The Northern Finland 1986 Birth Cohort (NFBC1986) and 
were all aged 20–24 at the time of the study. We have pre-
viously published details of how adolescents with ADHD 
were identified within the birth cohort in a general popu-
lation-based approach [24–28], and we summarise the 
details here. The birth cohort population from whom the 
participants were selected was composed of children with 
an expected date of birth between July 1st, 1985 and June 
30th, 1986, in the two northernmost provinces of Finland 
(Oulu and Lapland). This population-based birth cohort 
included 99 % of all births in the area at that time and 
consisted of 9479 children, of whom 9432 were live-born 
[29] (http://kelo.oulu.fi/NFBC). Parents of cohort members 
were asked to complete the Strengths and Weaknesses of 
ADHD Symptoms and Normal Behaviours (SWAN) ques-
tionnaire [30] at age 15–16 that measured problems of 
attention and hyperactivity. Among the 6622 respondents to 
the survey, a subset of 457 possible cases and general popu-
lation controls were identified based on their questionnaire 
scores, and these adolescents were evaluated for ADHD 
during 2002–2003 in a clinical evaluation, including a 
structured interview (Schedule for Affective Disorders 
and Schizophrenia for School-Age Children-Present and 
Lifetime version, K-SADS-PL) [24, 26–28, 31]. 105 cases 
were diagnosed having current, definite ADHD according 
to DSM-IV at the age of 16–18. A sample of healthy con-
trol participants also from NFBC1986 (therefore matched 
to ADHD participants in age, place of birth and many envi-
ronmental influences) without current or previous ADHD 
at age 16–18 were also identified prospectively in adoles-
cence and invited to take part in the young adult study.
Cohort members with ADHD at age 16–18 (adolescence 
ADHD), and a sample of the controls without ADHD iden-
tified at age 16–18, were, several years later, invited to 
participate in the current study performed in 2007–2010 at 
Oulu University Hospital, Finland. Of the 105 adolescence 
ADHD individuals, and therefore eligible to participate in 
this study, 52 (50 %) were scanned, along with 34 controls. 
Out of the 52 scanned adolescence ADHD participants, 3 
participants were excluded due to one having developed 
comorbid bipolar disorder, another schizophrenia and 
another a clinically significant head injury (a skull frac-
ture) by the time of the study. The final study size for the 
structural MRI was 49 young adult participants with ado-
lescence ADHD.
The exclusion criteria used for both groups were men-
tal retardation according to the Finnish Hospital Discharge 
Register or previous studies on this cohort; autism-spec-
trum disorders; speech development disorder with evident 
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cognitive sequelae; psychotic disorder, or serious neuro-
logical conditions such as epilepsy, serious head injury or 
multiple sclerosis.
Psychiatric assessment
On the day of the MRI scan, participants were evaluated 
with a clinical assessment, including urine drug screen, 
SCID (Structured Clinical Interview for DSM-IV) and, in 
addition, an in-house developed interview to rate the sever-
ity of ADHD symptoms in detail. This interview used both 
DSM-IV and ICD-10 ADHD criteria, allowing scoring on a 
list of 9 attention, 5 hyperactivity and 4 impulsivity symp-
toms. Diagnostic assessment was made according to DSM-
IV criteria. Clinical answers to the incidence of the 9 inat-
tentive, 5 hyperactivity and 4 impulsivity symptoms were 
labelled according to frequency of the symptoms and were 
defined as never/rarely, sometimes, often and very often. 
Scores ranging from 0 to 3 were attached to this frequency 
scale. Any score of two or three (often or very often) was 
deemed to be a positive clinical correlate of that symptom.
Structural MRI data acquisition and preprocessing
All participants were scanned using GE Signa EchoSpeed 
HDx 1.5 Tesla MRI scanner in Oulu University Hospital. 
T1-weighted images were acquired with inversion recov-
ery (IR)-prepared (“BRAVO”) 3D Fast Spoiled Gradient 
Echo (FSPGR) sequence using the following parameters: 
TR 12.4 ms, TE 5.2 ms, FA of 20°, FOV 24 cm × 24 cm, 
256 × 256 acquisition matrix, 1 mm slice thickness, half 
k-space coverage in the phase encoding direction (GE 
“fractional NEX” with 0.5 factor). Structural data were 
analysed with FSL-VBM, a voxel-based morphometry 
style pipeline analysis [32–40]. We used the default FSL 
pipeline, including non-linear registration, and modulation, 
and applying a smoothing kernel of 3 mm.
Group‑level statistical analysis of brain structure
For the between-group comparisons, between-group statis-
tics were performed using a permutation-based inference 
tool for nonparametric statistical thresholding in FSL’s 
randomise Monte Carlo permutation toolkit using 5000 
permutations [41], with age at scan, handedness and sex as 
covariates. The significance threshold for between-group 
and time differences was set at p < 0.05, family-wise error 
corrected for multiple comparisons across voxels using the 
threshold-free cluster-enhancement (TFCE) option in the 
randomise permutation-testing tool in FSL, which results 
in fundamentally voxelwise statistics whilst also taking into 
consideration the size of clusters of significant contigu-
ous groups of voxels. To help interpret the importance of 
any structural deficits, we planned to utilise the group dif-
ference results of the structural analysis to create a region 
of interest in which we could examine whether there were 
also functional brain imaging abnormalities in the adoles-
cence ADHD group (see below).
Functional MRI data acquisition
A random sub-sample of approximately two-thirds of the 
individuals participating in the structural scans also under-
took fMRI scans on the same day using the same scan-
ner as the structural scan using an EPI GRE sequence 
(TR = 1800 ms, TE = 40 ms, FOV = 25.6 cm × 25.6 cm, 
matrix 64 × 64, flip angle 90°, 28 oblique axial slices, slice 
thickness 4 mm, inter-slice gap = 0.4 mm, 344 volumes per 
run). We ran this sequence in the two separate runs. The 
first 4 volumes were removed from each run because of 
T1 equilibrium effects. Finite resources prevented us from 
conducting fMRI on all participants.
Sternberg working memory paradigm
We employed a Sternberg task of working memory [42] 
during the fMRI scan; participants are instructed to focus 
on a point on the screen where a set of letters appear and 
stay on the screen 4 s. Next, a variable delay (of between 2 
and 12 s) occurs, followed by a new letter (the probe) that 
may or may not have appeared in the letter set. The partici-
pant is instructed to press one button to denote if the probe 
letter did appear in the letter set and a different button if 
the probe letter is new, representing yes or no answers. An 
inter-trial interval with a jittered length of 3–5 s follows 
before the next trial begins with a new letter set (Fig. 3).
There were four different levels of difficulty, corre-
sponding to four different loads of three, four, five and six 
letters, interspersed pseudo-randomly across the entire task. 
The task was divided in two runs, each with thirty-six tri-
als, given a total of seventy-two trials for the whole task. 
The total duration per run was 10.3 min.
We excluded participants with low levels of accuracy 
from the fMRI analysis to ensure that the subjects whom 
we did analyse were genuinely and successfully utilising 
working memory. We applied an accuracy rate that required 
an accuracy rate of at least 75 % correct trials [43], so any 
person with an accuracy score below 54 (out of a possible 
72) was excluded from the fMRI analyses.
Functional MRI analysis
Functional analyses were performed using the “Analy-
sis Group at the Oxford Centre for Functional MRI of 
the Brain” (FMRIB) software library (FSL) tools [34, 35, 
44–46]. Skulls were first stripped automatically from each 
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structural scan using FSL’s Brain Extraction Tool (BET) 
[35]. Following this, each individual’s functional scan’s 
brain was extracted using BET and was subsequently 
motion corrected (Motion Correction using FMRIB’s Lin-
ear Image Registration Tool, MCFLIRT) [38] as well as 
registered to its corresponding structural image using rigid 
body transformations and 7 degrees of freedom. After this, 
the corresponding scan was registered to the MNI stand-
ard brain using linear transformation with 12 degrees of 
freedom.
FSL’s FMRI expert analysis tool (FEAT) [34] was used 
to perform individual preprocessing and statistical analysis 
of each participant’s individual FMRI scan. High-pass tem-
poral filtering of 100 s was applied to the FMRI images, 
which were then spatially smoothed using a Gaussian 
smoothing kernel of 6 mm. Intrinsic autocorrelations were 
modelled using pre-whitening. Regressors were convolved 
using a gamma (γ) hemodynamic response function. In the 
subject-level analysis, we used four regressors of interest 
(one for each working memory load: 3, 4, 5 or 6), with event 
onset times set at the start of each trial and duration set to 
the length of each trial (spanning encoding, maintenance 
and retrieval periods). We employed a regressor spanning 
these various periods of working memory function as we 
were more interested in obtaining a robust global measure 
of working memory function rather than breaking this pro-
cess down into constituent parts. We used the “featquery” 
tool in FSL to extract the mean % signal change associ-
ated with each regressor within a region of interest defined 
by the results of the structural group difference analysis. 
Featquery uses a standard space-defined region of interest 
and maps that back into native space of each subject to then 
calculate the mean percent signal change associated with 
a given regressor for that ROI. Having extracted the mean 
ROI signal for each regressor of interest for each subject, 
we exported these to the statistics software package SPSS 
(version 21) to plot load-dependent activation and perform 
within and between-group tests (linear contrasts across load 
and group by linear trend interaction).
Results
Demographics and clinical outcomes: ADHD status 
in young adulthood
Demographics are detailed in Tables 1 and 2. There were 5 
(10.2 %) participants diagnosed with ADHD during adoles-
cence that after the clinical interview were deemed to still 
meet DSM-IV ADHD criteria. Of these participants, there 
were 2 participants whose subtype was defined as inatten-
tive and 3 participants who were deemed to have the com-
bined ADHD subtype. The scores for the ADHD group 
for the inattentive symptoms were 4.5 (SD 5.9), 2.7 (SD 
3.6) for the hyperactivity symptoms and 1.8 (SD 2.2) for 
the impulsivity symptoms. In controls, the scores for the 
inattentive, hyperactivity and impulsivity symptoms were 
1.1 (SD 1.9), 0.8 (SD 1.4) and 0.5 (SD 0.9). One ADHD 
participant was receiving treatment with stimulant ADHD 
medication at the time of the scan. Of the participants who 
no longer met ADHD criteria, the mean number of DSM-
IV symptoms (i.e. domains meeting threshold of at least 
“often”) was 2 (range 0–9).
Brain structural group differences
There were significant differences in two clusters located 
in the left and right caudate, respectively, that had lower 
Table 1  Demographic description of the groups for the structural MRI
a Adolescence diagnosis of ADHD. GAF global assessment of function score
Adolescence ADHDa (n = 49) Controls (n = 34) Total (n = 83)
Age 22.23 (SD 0.7) 22.95 (SD 0.4) 22.53 (SD 0.67)
Sex 37 M:12 F 17 M:17 F 54 M:29 F
Handedness 41 R:8 L 32 R:2 L 73 R:10 L
IQ Mean (std dev) 96.6 (21.8) 112.2 (22.6) 103 (23.1)
Education High school enrolment 37 (75.5 %) 8 (23.5 %) 45 (54.2 %)
High school graduation 12 (24.5 %) 26 (76.5 %) 38 (45.7 %)
GAF current Mean (std dev) 74.6 (15.5) 87.26 (4.5) 79.8 (13.7)
Drug use detected by urine sample Amphetamine and other stimulants 0 0 0
Benzodiazepine 0 0 0
Buprenorphine 0 0 0
Cannabis 5 (10.2 %) 1 (2.9 %) 6 (7.2 %)
Cocaine 0 0 0
Opioids 0 0 0
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grey matter volume in the adolescence ADHD group when 
compared to controls (p < 0.05 FWE corrected, controlled 
for age at time of scan, sex, and handedness; Figs. 1, 2). 
The cluster located in the left caudate had its peak at MNI 
−18, −40, 22 (25 voxels); the cluster that was located 
in the right caudate had its peak at MNI 16, −32, 42 (38 
voxels).
Working memory behavioural performance results
There were 11 participants out of 32 who scored below 
75 % of the total score in the adolescence ADHD group 
and one subject out of 24 in the control group; these partic-
ipants were all excluded from the fMRI analysis. The total 
score for the remaining adolescence ADHD group (n = 21) 
was 62.76 (SD 4.43) and for the control group (n = 23) 
it was 66.87 (SD 2.32) (F = 5.59; df = 1.39; p = 0.023; 
age, IQ and sex used as covariates), showing that even 
when only considering participants who were engaging 
in the task largely successfully, the adolescence ADHD 
group performed worse than controls. There were very 
few missing answers, with no differences between groups; 
Table 2  Demographic description of the groups for the fMRI
a Adolescence diagnosis of ADHD. GAF Global Assessment of Function score
Adolescence ADHDa (n = 21) Controls (n = 23) Total (n = 44)
Age 22.2 (SD 0.7) 23 (SD 0.4) 22.6 (SD 0.7)
Sex 16 M:5 F 13 M:10 F 29 M:15 F
Handedness 18 R:3 L 22 R:1 L 40 R:6 L
IQ Mean (std dev) 96.4 (19.8) 111.09 (25.09) 102.5 (22.6)
Education High school enrolment 17 (80.9 %) 5 (21.7 %) 22 (50 %)
High school graduation 4 (19.1 %) 18 (78.3 %) 22 (50 %)
GAF current Mean (std dev) 77.1 (11.2) 87.1 (4.47) 79.5 (13.8)
Drug use detected by urine sample Amphetamine and other stimulants 0 0 0
Benzodiazepine 0 0 0
Buprenorphine 0 0 0
Cannabis 2 (9.5 %) 1 (4.3 %) 3 (6.8 %)
Cocaine 0 0 0
Opioids 0 0 0
Fig. 1  Adolescence ADHD individuals exhibit less grey matter vol-
ume (GMV) in bilateral caudate nucleus than controls (voxels signifi-
cantly lower in GMV in the adolescence ADHD group, p < 0.05 fam-
ily-wise error corrected across the whole brain, are shown in blue). 
The left side of the image is the right side of the brain in panels a and 
b. MNI co-ordinates: a y = −10; b z = 22; c x = 16
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Fig. 2  Plot of combined volume of the two caudate clusters depicted in 
Fig. 1 that contain voxels of reduced grey matter volume in adolescence 
ADHD compared to controls. Error bars are 95 % confidence intervals
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the ADHD group had on average 0.67 (SD 1.06) missing 
answers and the controls had 0.17 (SD 0.49), p = 0.19.
fMRI results
We used the left and right caudate regions in which we had 
observed structural brain differences as masks in which 
to investigate functional group differences. For each run, 
we extracted the percent signal change for each load from 
each participant with FSL-featquery; for each load we 
then, for each participant, averaged across the two runs 
and plotted the group differences (Fig. 3). This indicated 
that in both ROIs, the control group exhibited clear load-
dependent activation, with higher activity at high working 
memory loads (confirmed by within group repeated meas-
ures ANOVA, linear contrast across loads: left caudate, 
F = 4.44, df = 1.22, p = 0.047; right caudate F = 4.45, 
df = 1,22, p = 0.047); the ADHD group, however, failed 
to showed increased activation at higher working memory 
loads (within group repeated measures ANOVA, linear 
contrast across loads: left caudate, F = 0.22, df = 1, 20, 
p = 0.64; right caudate, F = 0.10, df = 1, 20, p = 0.76). 
In both left and right ROIs, there was a group difference 
of marginal significance in the strength of the linear asso-
ciation across loads (group by linear contrast interac-
tion: left caudate F = 3.02, df = 1, 42, p = 0.09: right 
caudate: F = 2.91, df = 1, 42, p = 0.095). A summary 
measure of right caudate load-dependent activation (load 6 
Fig. 3  Upper left panel task design. Participants are shown a set of 
3, 4, 5, or 6 letters, followed by a variable delay then a probe letter 
that may or may not have appeared in the letter set; the task is to indi-
cate whether or not the probe appeared in the letter set or not. Upper 
right panel adolescence ADHD participants scored significantly 
lower on the task than control participants (F = 5.59; df = 1.39; 
p = 0.023); error bars are 95 % confidence intervals. Lower panels 
mean fMRI percent signal change within the left (lower left panel) 
and right (lower right panel) caudate ROIs defined in Fig. 1. Error 
bars are 95 % confidence intervals. The controls show significant 
trends of increasing activation with increasing memory load bilater-
ally (p < 0.05); this trend is not present in adolescence ADHD partici-
pants (p > 0.5)
Eur Child Adolesc Psychiatry 
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percent signal change minus load 3 percent signal change) 
predicted memory performance in controls (rho = 0.44, 
p = 0.03) but not in patients (rho = -0.03, p = 0.88).
Results comparing those who continued to meet ADHD 
diagnostic criteria versus those who did not
To assess whether the group difference was driven by large 
abnormalities in the small group who continued to meet 
diagnostic criteria, we compare memory performance and 
brain structural and functional measures in the current 
ADHD versus former ADHD participants. There were no 
differences in memory score (current ADHD mean score 
63.0, SD 5.3; former ADHD mean score 57.1, SD 9.0, 
t = 1.1, df = 29, p = 0.3); or in left caudate volume (cur-
rent 0.08, SD = 0.01; former 0.08, SD = 0.1) t = 0.44, 
df = 47, p = 0.66) or in right caudate volume (current 0.15, 
SD = 0.02; former 0.16 SD = 0.02; t = 0.77, df = 47, 
p = 0.44); and there were no differences in fMRI cau-
date measures: left caudate load-dependent activation cur-
rent ADHD mean score 0.08, SD 0.07; former mean score 
−0.03 SD 0.18, t = 1.0, df = 19, p = 0.34; right caudate 
activation current ADHD mean score 0.05, SD 0.07; former 
mean score −0.01, SD = 0.18; t = 0.58, df = 19, p = 0.57).
Relationship between caudate MRI measures 
and clinical measures
Within the adolescence ADHD sample, there were no 
associations between current number of symptoms and 
brain structural measures (left caudate volume r = 0.06, 
p = 0.71; right caudate volume r = −0.11, p = 0.47) 
or functional measures (left caudate activation r = 0.2, 
p = 0.43; right caudate activation r = 0.35, p = 0.16). 
There were no associations between current GAF and brain 
structural (left caudate volume r = −1.88, p = 0.20; right 
caudate volume r = −0.14, p = 0.37) or functional meas-
ures (left caudate activation r = 0.81, p = 0.73; right cau-
date activation r = 0.87, p = 0.71). There were no associa-
tions between the number of symptoms in adolescence and 
the adult structural or functional measures (left caudate vol-
ume r = −0.12, p = 0.40; right caudate volume r = −0.13, 
p = 0.39; left caudate function r = 0.06, p = 0.80; right 
caudate function r = 0.13, p = 0.59).
Discussion
Adult ADHD assessment outcomes
The majority of young adults who had been diagnosed with 
current definite ADHD in adolescence no longer met DSM-
IV diagnostic criteria for ADHD by the age of 20–24. The 
percentage of adolescents who have a persistent diagnosis 
into adulthood varies across centres and, necessarily, accord-
ing to current diagnostic criteria. The exact diagnostic criteria 
for ADHD continue to evolve, and the 2013 revision of the 
DSM (DSM-5) recognised that adults require less symptoms 
to meet diagnostic criteria than children. The percentage of 
patients who continued to meet DSM-IV diagnostic criteria in 
our study is similar to the meta-analysis of Faraone and col-
leagues [47], but smaller than some clinical follow-up sam-
ples (e.g. 48). This may reflect the way that our participants 
were originally identified and diagnosed. The NFBC86 ado-
lescence ADHD sample, from which our sample is drawn, 
was diagnosed in a general population screening procedure, 
with less than one-third having the “combined” subtype at 
age 16 [26], and is likely to be a slightly healthier group than 
those enrolled in many other studies who tend to be com-
prised mainly of patients with the combined subtype who 
attend specialist psychiatric services for ADHD treatment. 
The emphasis in the current report is not whether participants 
diagnosed with ADHD in adolescence continue to meet diag-
nostic criteria or not, but rather whether or not brain structure 
and function are normal or not in adulthood [18, 19].
Brain structure
The structural abnormalities we found provide strong evi-
dence that the caudate is abnormal in ADHD. Previously 
there has been inconsistent evidence of the structural defi-
cits observed in the caudate for non-medicated people with 
ADHD. While some groups have established a decrease in 
caudate volume in children with ADHD [8, 11] other groups 
have, contrary to this, found higher caudate volumes which 
have been linked to exposure to medication [49]. Our study 
confirms evidence of grey matter volume deficits found in 
the caudate of adults who were diagnosed with ADHD dur-
ing in childhood or adolescence [18]. However, in the only 
previous study to examine adult brain structural follow-up, 
97 % of participants had taken methylphenidate medication, 
and our study shows that caudate differences were not ADHD 
medication induced. Although less volume is generally con-
sidered to be disadvantageous when interpreting VBM stud-
ies, strictly speaking, it is not necessarily detrimental, and we 
therefore elected to utilise our structural areas of deficits as a 
mask in which to assay, using a working memory fMRI task, 
whether caudate function was normal or abnormal in the ado-
lescence ADHD group. The analysis showed that the caudate 
areas in which we identified structural deficits in the adoles-
cence ADHD group also manifested functional deficits.
Working memory function and brain activation
Working memory impairments were present in adulthood 
in people diagnosed with ADHD in adolescence, even if 
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formal diagnostic criteria are no longer met. The group dif-
ferences we observed in working memory were not simply 
secondary to the ADHD group failing to engage in the task, 
as even when we excluded poor performers and limited 
to the analysis to participants who were scoring correct 
answers on the vast majority of trials, correct answers were 
still significantly less than in controls.
Consistent with the working memory performance 
abnormalities observed in adults diagnosed with ADHD in 
adolescence, we also showed that caudate activation dur-
ing task performance was abnormal. Whilst we found load-
dependent working memory activation in both left and right 
caudate in controls, there was no load-dependent activation 
in the adolescence ADHD group. Load-dependent activa-
tion in the right caudate predicted working memory perfor-
mance in controls but not in patients.
The caudate has long been implicated in a working 
memory network that supplies support functions related to 
the prefrontal cortex [50, 51]. Specific caudate abnormali-
ties have previously been found in visual working memory 
in children with ADHD [52] and our results extend these 
to show abnormalities in verbal working memory in adults 
diagnosed with ADHD in adolescence. Studies using a 
visual selective attention task have shown that children 
with ADHD tend to show a pattern of neural activity with 
less activation in fronto-striatal regions and most notably 
the body of the caudate [53]. Our findings indicate that in 
adulthood, people diagnosed with ADHD in adolescence 
show impairments in working memory function, with a 
bilateral failure to activate the caudate increasingly with 
higher working memory loads: this may contribute to the 
memory deficits in ADHD.
Strengths and limitations
There are aspects of our work that are both strengths and 
limitations: as the participants were recruited from the 
general population they will differ in certain respects 
from patients with severe ADHD recruited from specialist 
clinics. As both the adolescence ADHD group and con-
trols were drawn from the same population-based birth 
cohort, they are matched in place of birth, and age, and 
will have been exposed to many similar environmental 
influences. Our control group was representative of the 
general population in being balanced in representation 
from males and females, whereas adolescence ADHD 
participants were mainly male. However, group differ-
ences in brain structure and cognitive performance per-
sisted after controlling for gender. Our study shows that 
there are important residual deficits in young adults diag-
nosed with ADHD during adolescence in caudate volume, 
in working memory performance and associated caudate 
functional activity. The current work also benefits from a 
population sample that is, save for one participant, ADHD 
stimulant medication naïve, proving that the results are 
not driven by stimulant medication treatment: we are not 
aware of any similar studies previously published. The 
sample size of 83 participants (49 with an adolescence 
diagnosis of ADHD) is modest by the standards of epi-
demiology and some other research methods; however, 
a previous study with a smaller sample size (12 patients 
and 12 controls) was able to demonstrate that medicated 
patients with ADHD in childhood that persisted to adult-
hood had widespread fronto-parietal deficits as meas-
ured with fMRI during response inhibition [54]. We did 
not demonstrate any straightforward linear associations 
within the ADHD group between MRI measures and 
clinical measures. However, this is perhaps not unsurpris-
ing given that we noted that the “normal” relationship 
between caudate function and memory performance that 
we observed in controls was not present in adolescence 
ADHD participants.
Conclusions
Although people diagnosed with ADHD in adolescence 
may recover clinically sufficiently to no longer meet diag-
nostic criteria, they may continue to manifest abnormali-
ties in caudate structure and function and working memory 
performance in early adulthood. The results emphasize the 
importance of taking a wider perspective on ADHD out-
comes than simply whether or not a particular patient meets 
diagnostic criteria at any given point in time.
Acknowledgments This work was supported by an Academy of 
Finland Award to Dr Veijola; a Sigrid Juselius Foundation grant to 
Dr Moilanen; a Medical Research Council fellowship to Dr Murray 
(G0701911); a NARSAD, the Brain and Behavior Research Fund 
independent investigator award to Dr Miettunen; an Oon Khye Beng 
Ch’Hia Tsio Studentships in Preventative Medicine awarded by 
Downing College, Cambridge to Dr Roman-Urrestarazu together with 
a Becas Chile Doctoral Grant awarded by CONICYT, an Academy 
of Finland grant and Finnish Medical Foundation grant to Dr Kivin-
iemi, and an award from the Signe and Ane Gyllenberg Foundation, 
Finland, to Dr Mäki.. The work was partially conducted with the Uni-
versity of Cambridge Behavioural and Clinical Neuroscience Cen-
tre, supported by a joint award from the Medical Research Council 
(G1000183) and Wellcome Trust (093875/Z/10Z). We are also grate-
ful to Tuomo Starck MSc for assistance gathering data.
Compliance with ethical standards 
Conflicts of interest Dr Barnett is employed by Cambridge Cogni-
tion. All other authors declare no competing interests.
Open Access This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
Eur Child Adolesc Psychiatry 
1 3
link to the Creative Commons license, and indicate if changes were 
made.
References
 1. Biederman J, Mick, E, Faraone S (2000) Age-dependent decline 
of symptoms of attention deficit hyperactivity disorder: impact 
of remission definition and symptom type. Am J Psychiatry pp 
816–818
 2. Biederman J (1998) Attention-deficit/hyperactivity disorder: a 
life-span perspective. J Clin Psychiatry. 59(Suppl 7):4–16
 3. Asherson P, Adamou M, Bolea B, Muller U, Morua SD, Pitts M, 
Thome J, Young S (2010) Is ADHD a valid diagnosis in adults? 
Yes. BMJ 340
 4. Seidman LJ (2006) Neuropsychological functioning in people 
with ADHD across the lifespan. Clin Psychol Rev 26:466–485
 5. Faraone SV, Biederman J, Spencer T, Wilens T, Seidman LJ, 
Mick E, Doyle AE (2000) Attention-deficit/hyperactivity disor-
der in adults: an overview. Biol Psychiatry 48:9–20
 6. Biederman J (1998) Attention-deficit/hyperactivity disorder: a 
life-span perspective. J Clin Psychiatry 59:4–16
 7. Jensen PS, Hinshaw SP, Kraemer HC, Lenora N, Newcorn JH, 
Abikoff HB, March JS, Arnold LE, Cantwell DP, Conners CK, 
Elliott GR, Greenhill LL, Hechtman L, Hoza B, Pelham WE, 
Severe JB, Swanson JM, Wells KC, Wigal T, Vitiello B (2001) 
ADHD comorbidity findings from the MTA study: compar-
ing comorbid subgroups. J Am Acad Child Adolesc Psychiatry 
40:147–158
 8. Castellanos FGJNBPC et al (2001) QUantitative brain magnetic 
resonance imaging in girls with attention-deficit/hyperactivity 
disorder. Arch Gen Psychiatry 58:289–295
 9. Castellanos FX, Proal E (2012) Large-scale brain systems in 
ADHD: beyond the prefrontal–striatal model. Trends Cognitive 
Sciences. 16:17–26
 10. Castellanos FX, Sonuga-Barke EJS, Milham MP, Tannock R 
(2006) Characterizing cognition in ADHD: beyond executive 
dysfunction. Trends Cogn Sci 10:117–123
 11. Aylward EH, Reiss AL, Reader MJ, Singer HS, Brown JE, 
Denckla MB (1996) Basal ganglia volumes in children 
with attention-deficit hyperactivity disorder. J Child Neurol 
11:112–115
 12. Brieber S, Neufang S, Bruning N, Kamp-Becker I, Remschmidt 
H, Herpertz-Dahlmann B, Fink GR, Konrad K (2007) Structural 
brain abnormalities in adolescents with autism spectrum disorder 
and patients with attention deficit/hyperactivity disorder. J Child 
Psychol Psychiatry 48:1251–1258
 13. Ellison-Wright I, Ellison-Wright Z, Bullmore E (2008) Struc-
tural brain change in attention deficit hyperactivity disorder iden-
tified by meta-analysis. BMC Psychiatry. 8:51
 14. Dickstein SG, Bannon K, Xavier CF, Milham MP (2006) The 
neural correlates of attention deficit hyperactivity disorder: an 
ALE meta-analysis. J Child Psychol Psychiatry 47:1051–1062
 15. Seidman LJ, Valera EM, Makris N (2005) Structural brain imag-
ing of attention-deficit/hyperactivity disorder. Biol Psychiatry 
57:1263–1272
 16. Valera EM, Faraone SV, Murray KE, Seidman LJ (2007) Meta-
analysis of structural imaging findings in attention-deficit/hyper-
activity disorder. Biol Psychiatry 61:1361–1369
 17. Frodl T, Skokauskas N (2012) Meta-analysis of structural MRI 
studies in children and adults with attention deficit hyperactiv-
ity disorder indicates treatment effects. Acta Psychiatr Scand 
125:114–126
 18. Proal E, Reiss PT, Klein RG, Mannuzza S, Gotimer K, 
Ramos-Olazagasti MA, Lerch JP, He Y, Zijdenbos A, Kelly C, 
Milham MP, Castellanos FX (2011) Brain gray matter deficits 
at 33-year follow-up in adults with attention-deficit/hyperac-
tivity disorder established in childhood. Arch Gen Psychiatry 
68(11):1122–1134
 19. Cortese S, Imperati D, Zhou J, Proal E, Klein RG, Mannuzza S, 
Ramos-Olazagasti MA, Milham MP, Kelly C, Castellanos FX 
(2013) White matter alterations at 33-year follow-up in adults 
with childhood attention-deficit/hyperactivity disorder. Biol Psy-
chiatry 74:591–598
 20. Biederman J, Petty CR, Evans M, Small J, Faraone SV (2010) 
How persistent is ADHD? A controlled 10-year follow-up study 
of boys with ADHD. Psychiatry Res 177:299–304
 21. Alderson RM, Hudec KL, Patros CHG, Kasper LJ (2013) Work-
ing memory deficits in adults with attention-deficit/hyperactivity 
disorder (ADHD): an examination of central executive and stor-
age/rehearsal processes. J Abnorm Psychol 122:532–541
 22. Babinski DE, Pelham WE, Molina BSG, Gnagy EM, Wasch-
busch DA, Yu J, MacLean MG, Wymbs BT, Sibley MH, Bis-
was A, Robb JA, Karch KM (2011) Late adolescent and young 
adult outcomes of girls diagnosed with ADHD in childhood: an 
exploratory investigation. J Atten Disord 15:204–214
 23. Miller M, Hinshaw S (2010) Does childhood executive function 
predict adolescent functional outcomes in girls with ADHD? J 
Abnorm Child Psychol 38:315–326
 24. Smalley SL, McGough JJ, Moilanen IK, Loo SK, Taanila A, 
Ebeling H, Hurtig T, Kaakinen M, Humphrey LA, McCracken 
JT, Varilo T, Yang MH, Nelson SF, Peltonen L, Järvelin M-R 
(2007) Prevalence and psychiatric comorbidity of attention-def-
icit/hyperactivity disorder in an adolescent Finnish population. J 
Am Acad Child Adolesc Psychiatry 46:1575–1583
 25. Veijola J, Mäki P, Jääskeläinen E, Koivukangas J, Moilanen I, 
Taanila A, Nordström T, Hurtig T, Kiviniemi V, Mukkala S, 
Heinimaa M, Lindholm P, Jones PB, Barnett JH, Murray GK, 
Miettunen J (2013) Young people at risk for psychosis: case find-
ing and sample characteristics of the Oulu brain and mind study. 
Early Interven Psychiatry 7:146–154
 26. Hurtig T, Ebeling H, Taanila A, Miettunen J, Smalley SL, 
McGough JJ, Loo SK, Jarvelin MR, Moilanen IK (2007) ADHD 
symptoms and subtypes: relationship between childhood and 
adolescent symptoms. J Am Acad Child Adolesc Psychiatry 
46:1605–1613
 27. Loo SK, Humphrey LA, Tapio T, Moilanen IK, McGough JJ, 
McCracken JT, Yang MH, Dang J, Taanila A, Ebeling H, Järvelin 
M-R, SL Smalley (2007) Executive functioning among finnish 
adolescents with attention-deficit/hyperactivity disorder. J Am 
Acad Child Adolesc Psychiatry 46:1594–1604
 28. Lubke GH, Muthén B, Moilanen IK, McGough JJ, Loo SK, 
Swanson JM, Yang MH, Taanila A, Hurtig T, Järvelin M-R, 
Smalley SL (2007) Subtypes versus severity differences in atten-
tion-deficit/hyperactivity disorder in the northern finnish birth 
cohort. J Am Acad Child Adolescent Psychiatry 46:1584–1593
 29. Järvelin MR EP, Kleinschmidt I, Martuzzi M, Grundy C, Harti-
kainen AL, Rantakallio P (1997) Ecological and individual pre-
dictors of birthweight in a northern Finland birth cohort 1986. 
Paediatr Perinat Epidemiol 11(3):298–312
 30. Swanson JSS, Mann M, Carlson C, Hartman C, Sergeant J, 
Clarke-Stewart A, Wasdell M, McCleary R, Beck R (2001) Over-
identification of extreme behavior in the evaluation and diagno-
sis of ADHD/HKD. http://www.adhd.net. Accessed 7 Aug 2015
 31. Kaufman J, Birmaher B, Brent D, Rao UMA, Flynn C, Moreci 
P, Williamson D, Ryan N (1997) Schedule for affective disorders 
and schizophrenia for school-age children-present and lifetime 
version (K-SADS-PL): initial reliability and validity data. J Am 
Acad Child Adolesc Psychiatry 36:980–988
 32. Ashburner J, Friston K (2000) Voxel-based morphometry—the 
methods. NeuroImage. 11:805–821
 Eur Child Adolesc Psychiatry
1 3
 33. Good C, Johnsrude I, Ashburner J, Henson R, Friston K, Frack-
owiak R (2001) A voxel-based morphometric study of ageing in 
465 normal adult human brains. NeuroImage. 14(1):21–36
 34. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens 
TEJ, Johansen-Berg H, Bannister PR, De Luca M, Drobnjak I, 
Flitney DE, Niazy R, Saunders J, Vickers J, Zhang Y, De Stefano 
N, Brady JM, Matthews PM (2004) Advances in functional and 
structural MR image analysis and implementation as FSL. Neu-
roImage 23(S1):208–219
 35. Smith SM (2002) Fast robust automated brain extraction. Human 
Brain Mapping 17(3):143–155
 36. Douaud G, Smith S, Jenkinson M, Behrens T, Johansen-Berg H, 
Vickers J, James S, Voets N, Watkins K, Matthews PM, James A 
(2007) Anatomically related grey and white matter abnormalities 
in adolescent-onset schizophrenia. Brain 130:2375–2386
 37. Jenkinson M, Smith S (2001) A global optimisation method 
for robust affine registration of brain images. Med Image Anal 
5(2):143–156
 38. Jenkinson M, Bannister P, Brady M, Smith S (2002) Improved 
optimisation for the robust and accurate linear registration and 
motion correction of brain images. NeuroImage 17(2):825–841
 39. Andersson JLR, Jenkinson M, Smith S (2007) Non-linear opti-
misation: FMRIB technical report TR07JA1. http://www.fmrib.
ox.ac.uk/analysis/techrep/tr07ja1/tr07ja1.pdf. Accessed 7 Aug 
2015
 40. Andersson JLR, Jenkinson M, Smith S (2007) Non-linear reg-
istration aka Spatial normalisation FMRIB technical report 
TR07JA2. http://www.fmrib.ox.ac.uk/analysis/techrep/tr07ja2/
tr07ja2.pdf. Accessed 7 Aug 2015
 41. Smith SM, Nichols TE (2009) Threshold-free cluster enhance-
ment: addressing problems of smoothing, threshold dependence 
and localisation in cluster inference. Neuroimage. 44:83–98
 42. Sternberg S (1966) High speed scanning in human memory. Sci-
ence 1966(153):652–654
 43. Kim DI, Manoach DS, Mathalon DH, Turner JA, Mannell M, 
Brown GG, Ford JM, Gollub RL, White T, Wible C, Belger A, 
Bockholt HJ, Clark VP, Lauriello J, O’Leary D, Mueller BA, 
Lim KO, Andreasen N, Potkin SG, Calhoun VD (2009) Dysregu-
lation of working memory and default-mode networks in schizo-
phrenia using independent component analysis, an fBIRN and 
MCIC study. Hum Brain Mapp 30:3795–3811
 44. Woolrich MW, Behrens TEJ, Beckmann CF, Jenkinson M, Smith 
SM (2004) Multilevel linear modelling for FMRI group analysis 
using Bayesian inference. Neuroimage. 21:1732–1747
 45. Woolrich MW, Jbabdi S, Patenaude B, Chappell M, Makni S, Beh-
rens T, Beckmann C, Jenkinson M, Smith SM (2009) Bayesian 
analysis of neuroimaging data in FSL. NeuroImage. 45:S173–S186
 46. Beckmann CF, Jenkinson M, Smith SM (2003) General multi-
level linear modeling for group analysis in FMRI. Neuroimage. 
20:1052–1063
 47. Faraone SV, Biederman J, Mick E (2006) The age-dependent 
decline of attention deficit hyperactivity disorder: a meta-analy-
sis of follow-up studies. Psychol Med 36(2):159–165
 48. Langley K, Fowler T, Ford T, Thapar AK, van den Bree M, Har-
old G, Owen MJ, O’Donovan MC, Thapar A (2010) Adolescent 
clinical outcomes for young people with attention-deficit hyper-
activity disorder. Br J Psychiatry 196(3):235–240
 49. Mataro M, Garcia-Sanchez C, Junque C, Estevez-Gonzalez A, 
Pujol J (1997) Magnetic resonance imaging measurement of the 
caudate nucleus in adolescents with attention-deficit hyperac-
tivity disorder and its relationship with neuropsychological and 
behavioral measures. Arch Neurol 54:963–968
 50. Lewis SJG, Dove A, Robbins TW, Barker RA, Owen AM (2004) 
Striatal contributions to working memory: a functional magnetic 
resonance imaging study in humans. Eur J Neurosci 19:755–760
 51. Levy R, Friedman HR, Davachi L, Goldman-Rakic PS (1997) 
Differential activation of the caudate nucleus in primates per-
forming spatial and nonspatial working memory tasks. J Neuro-
sci 17:3870–3882
 52. Vance A, Silk TJ, Casey M, Rinehart NJ, Bradshaw JL, Bell-
grove MA, Cunnington R (2007) Right parietal dysfunction in 
children with attention deficit hyperactivity disorder, combined 
type: a functional MRI study. Mol Psychiatry. 12:826–832
 53. Booth JR, Burman DD, Meyer JR, Lei Z, Trommer BL, Daven-
port ND, Li W, Parrish TB, Gitelman DR (2005) Marsel Mesu-
lam M. Larger deficits in brain networks for response inhibition 
than for visual selective attention in attention deficit hyperactiv-
ity disorder (ADHD). J Child Psychol Psychiatry 46:94–111
 54. Mulligan RC, Knopik VS, Sweet LH, Fischer M, Seidenberg M, 
Rao SM (2011) Neural correlates of inhibitory control in adult 
attention deficit/hyperactivity disorder: evidence from the Mil-
waukee longitudinal sample. Psychiatry Res 194(2):119–129
